i/PKj^ 10/517020 

/ DT15 Rec'd PCVFTO 0 6 DEC 2004 



wo 03/104510 PCT/SE03/00920 



55552pct 

Method, use and device concerning cladding tubes for nuclear 
fuel and a fuel assembly for a nuclear boiling water reactor 

5 

BACKGROUND OF THE INVENTION AND PRIOR ART 

The present invention concerns a method of producing a cladding 
10 tube for nuclear fuel for a nuclear boiling water reactor, which 
method comprises the following steps: 

forming a tube which comprises an outer cylindrical component 
mainly containing zirconium and an inner cylindrical component 
metallurgically bonded to the outer component, wherein also the 
15 inner component at least mainly contains zirconium, wherein the 
material compositions of the inner component and the outer compo- 
nent are selected such that they differ from each other and such 
that the inner component has a lower recrystallization temperature 
than the outer component. 

20 

The Invention also concerns a cladding tube, a use of a cladding 
tube as well as a fuel assembly for a nuclear boiling water reactor 
comprising such a cladding tube. 

25 A method of the kind that Is described in the first paragraph above 
is known from the patent document EP 0 674 800 B1. In this docu- 
ment also the background to the invention described therein is de- 
scribed. When a cladding tube is used in a nuclear reactor it con- 
tains nuclear fuel, usually in the form of pellets containing enriched 

30 UO2. The cladding tube with its content thus constitutes a fuel rod. 
Because of the very particular environment in which cladding tubes 
are used, different requirements must be fulfilled. 

There are mainly two kinds of modern light water reactors: boiling 
35 water reactors (BWR) and pressure water reactors (PWR). In these 
kinds of reactors different conditions exist, which call for different 
requirements on the parts that are Included in the reactors. In a 
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PWR. the fuel rods are cooled mainly by water that is in a liquid 
phase under a high pressure. In a BWR, the pressure Is lower and 
the water that cools the fuel rods is evaporated such that the fuel 
rods are surrounded both by water In a liquid phase and in a steam 
5 phase. Furthermore, the fuel assemblies have different construction 
in a BWR and a PWR. In a certain kind of BWR, the fuel rods in a 
fuel assembly extend the whole way between a top plate and a 
bottom plate which keep the fuel assembly together. In a PWR, on 
the other hand, the fuel rods are usually kept in position with the 
10 help of spacers and do not reach all the way to the top plate and to 
the bottom plate. 

When a fuel rod is used in a nuclear reactor, it is exposed to neu- 
tron radiation. This leads to the fact that the cladding tube tends to 

15 grow with time. In certain kinds of BWR, the cladding tube has only 
a limited possibility to expand in the longitudinal direction. The 
cladding tube may therefore bend during operation. This can lead to 
damages. It should therefore be avoided that the cladding tube 
grows to a larger extent. Modern cladding tubes which are produced 

20 in suitable zirconium alloys and which undergo special heat treat- 
ments during the production often have a relatively low tendency to 
grow when they are exposed to neutron radiation. The tendency to 
grow may be reduced, inter alia, in that the cladding tube during the 
production undergoes a final recrystalllzation anneal. 

25 

Through a suitable choice of the material for the cladding tube and 
a suitable method of production, the cladding tube can obtain suit- 
able properties concerning for example hardness and ductility. 
Since the conditions are different in a BWR and a PWR, the clad- 
30 ding tubes are produced with different properties depending on for 
which kind of reactor they are made. 

In the environment where the cladding tubes are used they are 
subject to different corrosive attacks. These attacks may come from 
35 the outside or from the inside. The attacks from the inside often 
have their basis In an Influence from the nuclear fuel material that is 
located there, so-called pellet-cladding interaction (PCI). If a crack 
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is formed through the cladding tube (a so-called primary damage), 
water may penetrate in through the crack and spread along the in- 
side of the tube. This may lead to new corrosive attacks from the 
inside of the tube, so-called secondary damages. A cladding tube of 
5 zirconium may also react with hydrogen such that hydrides are 
formed in the cladding tube. These hydrides may be formed from 
the inside of the tube, particularly if a crack has been formed such 
that water has penetrated into the tube. These hydrides make the 
tube more fragile and the probability for the formation of cracks in- 
10 creases. Particularly hydrides that extend in a radial direction 
through the tube constitute an increased risk for crack formation. 
Such radial hydrides may therefore speed up possible secondary 
damages and crack formations. 

15 The complicated chemical, mechanical and metallurgical conditions 
that are the case in a nuclear reactor have lead to the fact that a 
very large number of suggestions have been proposed for the se- 
lection of materials and for the methods of production of cladding 
tubes. Even small changes in the composition of alloys or produc- 

20 tion parameters may have a large importance for the properties of 
the cladding tube. 

Since different conditions are the case on the inside and on the 
outside of the cladding tube, cladding tubes are sometimes pro- 

25 duced with different compositions In different layers. The above 
mentioned document EP 0 674 800 B1 thus describes the produc- 
tion of a cladding tube which has an outer component that is made 
of for example any of the frequently occurring alloys Zircaloy 2 and 
Zircaloy 4. The cladding tube has an inner component - a so-called 

30 liner - which according to an embodiment mainly consists of Zr with 
the alloying elements 0.25 %Sn, 310 ppm Fe and 430 ppm O. The 
cladding tube is produced according to a particular method with 
carefully selected heat treatments. The cladding tube undergoes a 
final anneal at 570X during 1.5 h, which means a complete re- 

36 crystallization anneal (cRXA). The produced cladding tube has been 
shown to have a good resistance against corrosion even If water 
happens to penetrate Into the Inside of the cladding tube. 
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Another example of a cladding tube is clear from US-A-4,933,136. 
This document describes a cladding tube consisting of an outer 
component of Zircaloy 2 or ZIrcaloy 4 and an inner component 
5 which according to one embodiment mainly consists of Zr with 0.19- 
0.20 percentage by weight Sn, 0.19 percentage by weight Fe and 
615-721 ppm O. The document describes the production of the tube 
with different rolling steps and heat treatments. As a final anneal 
three alternatives are described in the document. According to the 

10 first alternative, a complete recrystallization (cRXA) occurs in both 
the outer and the inner component. According to a second alterna- 
tive, a cRXA occurs in the inner component but only a stress relief 
anneal (SRA), I. e. no noticeable recrystallization, in the outer com- 
ponent. According to a third alternative, a partial recrystallization 

15 (pRXA) occurs in the inner component and an SRA in the outer 
component. 

For cladding tubes which are constructed with two layers and which 
are intended to be used in a BWR, usually a final anneal is carried 
20 out which leads to a cRXA in both the layers. Thereby, a good re- 
sistance against damages caused by PCI can be achieved at the 
same time as the cladding tube has a good ductility and also ob- 
tains a structure that counteracts growth caused by neutron radia- 
tion. 

25 

SUMMARY OF THE INVENTION 

An object of the present Invention is to accomplish a method of pro- 
ducing a cladding tube for nuclear fuel for a nuclear boiling water 

30 reactor, which cladding tube has a good resistance against dam- 
ages caused by PCI at the same time as the risk for the formation 
of radial hydrides is low. A further object is to achieve these ad- 
vantages at the same time as the tendency to growth caused by 
neutron radiation is kept at a low level. Further objects and advan- 

35 tages of the invention will be clear from the following. 
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These objects are achieved with a method of the kind that has been 
described in the first paragraph above and which furthermore is 
characterised in that after that the cladding tube has been formed 
according to the above, and after possible rolling steps with there 
5 between occurring heat treatments, the cladding tube is final an- 
nealed at a temperature and during a time such that the inner com- 
ponent substantially completely recrystallizes and such that the 
outer component partly recrystallizes but to a lower extent than the 
inner component. 

10 

Since the inner component is substantially completely recrystallized 
(cRXA), the tube has a very good resistance against PCI damages. 
Since the outer component is partially recrystallized (pRXA), this 
component is relatively ductile at the same time as it does not grow 

15 to a too high extent when it Is exposed to neutron radiation. By a 
suitable choice of material it has become clear that the growth of 
the cladding tube is so low that It is very well suited to be used also 
in the kind of BWR where the cladding tube only has a limited space 
for growth. Since the outer component only is pRXA, It has become 

20 clear that possible hydrides which are formed tend to extend in es- 
sentially a tangential direction while the risk for radial hydrides is 
low. Thereby an improved resistance against crack formation is 
obtained. The reason why radial hydrides are avoided is propably 
that certain tensions which originate from the production of the tube 

25 are maintained since the outer layer is not cRXA. These tensions 
have as a consequence that the tendency for radial hydrides is re- 
duced. 

By "substantially completely recrystallized" is here meant that the 
30 recrystallization is 100% (completely recrystallized) or almost 
100% (at least recrystallized to 97% or 98%). An analysis of the 
cladding tube may thus show that the recrystallization in the inner 
component is not totally complete. It is preferred that the inner 
component Is completely recrystallized. 

35 

It should be noted that the final anneal normally is the last heat 
treatment step in the production method. Possibly a certain after 
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treatment of the cladding tube may be carried out, but such an after 
treatment should be such that the structure that is obtained through 
the final anneal is not substantially destroyed. 

5 It should also be noted that according to a preferred embodiment, 
the cladding tube consists only of the outer component and the in- 
ner component (the liner). There are thus no further layers. The 
composition on the outer surface and the inner surface of the tube 
may however differ from the composition in the inner of the layers, 

10 for example due to the substances that the tube has come into 
contact with. The tube may for example be oxidised through the fact 
that it has been kept in an environment of air. According to an al- 
ternative embodiment, it is however feasible that the tube com- 
prises one or more further layers in addition to the outer component 

15 and to the inner component. 

Finally it is pointed out that when in this document % or ppm are 
used in connection with contents of different substances it is, if 
nothing else is said, referred to percentage by weight of the re- 
20 spective substances. 

According to a preferred manner of carrying out the method ac- 
cording to the invention, the final anneal is carried out such that the 
degree of recrystallization in the outer component is higher than 

25 50% . Suitably, the degree of recrystallization in the inner compo- 
nent is substantially or completely 100% and the degree of recrys- 
tallization in the outer component is suitable between 50% and 
96 % , particularly suitable 60 % to 90 % , for example between 70 % 
and 90 % . It has become clear that such degrees of recrystallization 

30 are particularly suitable for achieving the described advantages 
when the cladding tube is used in a BWR. Lower degree of recrys- 
tallization than 50% is possible, but this tends to lead to the fact 
that the growth of the cladding tube when it is exposed to neutron 
radiation is larger. 

35 

According to another preferred embodiment, the inner component 
does not contain more than 2000 ppm Fe and preferably not more 
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than 1500 ppm Fe and most preferred less than 1000 ppm Fe. Ac- 
cording to another preferred embodiment, the inner component 
does not contain more than 1000 ppm O. By keeping the contents 
of Fe and O low, a good resistance against PCI is obtained. It 
5 should be noted that the inner component may be produced In pure 
Zr {except for possible impurities) and thus not necessarily need to 
be an alloy. 

According to a preferred embodiment, the outer component has a 
10 composition which is completely or substantially according to 2ir- 
caloy 2 or Zircaloy 4. These materials are common in connection 
with cladding tubes and have been shown to have many good prop- 
erties. It should however be noted that the outer component does 
not need to be Zircaloy 2 or Zircaloy 4. Also other alloys may be 
15 used. For example different Zr-based alloys which contain Nb. 

According to preferred embodiment, the inner component contains 
between 0.1 and 0.7 percentage by weight Sn, preferably between 
0.1 to 0.4 percentage by weight Sn. 400 to 1500 ppm Fe, less than 

20 600 ppm O (for example 300 ppm to 500 ppm O) and the rest Zr, 
except for impurities of a content that does not exceed that which is 
normally accepted in Zr or Zr-alloys for applications In nuclear re- 
actors. Such an alloy has been shown to have very good properties 
at the same time as it has a suitable recrystallization temperature in 

25 order to be able to obtain substantially cRXA in the inner compo- 
nent at the same time as pRXA is obtained in the outer component. 
Examples of what is considered as acceptable impurities in this 
context is described for example in the above mentioned document 
EP 0 674 800 B1, column 5. 

30 

Suitably, the inner component has a thickness such that it consti- 
tutes between 3% and 30% , preferably between 5% and 20% , 
and most preferred 10 % of the total thickness of the cladding tube. 

35 According to a suitable embodiment, the final anneal is carried out 
at a temperature of between 485*C and SSO'C during 1h to 6h, 
preferably during 2h to 4h. 
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As has been mentioned initially, the invention also concerns a use. 
Thereby a cladding tube produced according to the method ac- 
cording to any of the preceding embodiments is used in a fuel as- 
5 sembly for a nuclear boiling water reactor. Thereby, the above de- 
scribed advantages with such a cladding tube are achieved. 

The invention also concerns a cladding tube as such, suitable to 
contain nuclear fuel and to be used in a nuclear boiling water reac- 

10 tor. This cladding tube comprises: 

an outer cylindrical component mainly containing zirconium, 
an inner cylindrical component which at least mainly contains 
zirconium and which is metallurgically bonded to the outer compo- 
nent, wherein the material compositions of the inner component and 

15 the outer component differ from each other and are such that the 
inner component has a lower recrystallization temperature than the 
outer component. The inner component has a substantially com- 
pletely recrystallized structure and the outer component has a 
structure such that it is partly recrystallized but not to the same ex- 

20 tent as the inner component. 

Such a cladding tube can be produced according to the above de- 
scribed method. With this cladding tube, the above described ad- 
vantages are achieved. Advantageous embodiments of this cladding 
25 tube are clear from the dependent claims below. With these em- 
bodiments, the above described advantages are achieved. 

Finally, the invention also concerns a fuel assembly for a nuclear 
boiling water reactor. This fuel assembly comprises: 
30 an enclosing tube, and 

a plurality of cladding tubes according to the Invention filled 
with nuclear fuel suitable for such cladding tubes for a boiling water 
reactor, wherein said plurality of cladding tubes are arranged inside 
said enclosing tube. 



35 
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SHORT DESCRIPTION OF THE DRAWINGS 
Fig 1 .shows schematically a fuel assembly. 

5 

Fig 2 shows schematically a cross-section through a cladding 

tube according to the invention, 

DESCRIPTION OF EMBODIMENTS OF THE INVENTION 

10 

Fig 1 shows schematically a fuel assembly, known per se, for a 
BWR. The fuel assembly comprises an enclosing tube 2 (which here 
only is shown to the right in the figure). Within the enclosing tube 2, 
a number of fuel rods 3 are arranged. The fuel rods 3 extend from a 

15 top plate 5 to a bottom plate 6. The fuel rods 3 consist of cladding 
tubes which contain pellets with nuclear fuel material. In the figure, 
a number of pellets 4 are symbolically shown. At the top, the fuel 
rods 3 are provided with end plugs 8. The fuel rods 3 abut against 
the lower side of the top plate with the help of coiled springs 9. A 

20 plurality of spacers 7 are arranged in order to keep the fuel rods 3 
at a distance from each other. 

When a fuel assembly of for example the described kind is provided 
with a plurality of cladding tubes according to the present invention, 

25 it thus constitutes a fuel assembly according to the invention. It 
should be noted that there are different kinds of fuel assemblies for 
BWR. For example, there are fuel assemblies for BWR without a top 
plate. Furthermore, fuel assemblies for BWR often also comprise 
so-called part length rods. The present invention is of course appll- 

30 cable to different kinds of fuel assemblies for BWR. 

Fig 2 shows schematically a cross-section through a cladding tube 
according to the invention. The cross section shows the cladding 
tube strongly enlarged. In reality, the cladding tube has a dimension 
35 and a length that are suitable for use in a BWR. The cladding tube 
comprises an outer cylindrical component 10 and an Inner cylindri- 
cal component 20. The inner component 20 may be called a liner. 
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Both the outer 10 and the inner 20 conriponents contain mainly Zr. 
The inner component 20 is metailurgically bonded to the outer com- 
ponent 10. The material compositions of the inner 20 and the outer 
10 components differ from each other and are such that the inner 
5 component 20 has a lower recrystallizatlon temperature than the 
outer component 10. The inner component 20 has a completely re- 
crystallized structure or at least a substantially completely recrys- 
tallized structure. The outer component 10 has a structure such that 
it is partly recrystallized but not to the same high extent as the Inner 
10 component 20. The degree of recrystallizatlon in the outer compo- 
nent 10 is suitably between 50% and 96% , preferably between 
70 % and 90 % . 

The outer component 10 may consist of Zircaloy 2 or Zircaloy 4 or 
15 other suitable alloy based on Zr. The inner component 20 may con- 
sist of pure Zr or a Zr-alloy, which thereby suitably is a low-alloy 
such that It has a lower recrystallization temperature than the outer 
component 10. The inner component 20 may consist of 0.1 to 0.4 
percentage by weight Sn. 400 to 1500 ppm Fe, less than 600 ppm 
20 O and the rest Zr, except for impurities of a content that does not 
exceed that which Is normally accepted In Zr or Zr-alloys for appli- 
cations in nuclear reactors. The thickness of the inner component 
20 may for example be 10% of the total thickness of the cladding 
tube. 

25 

The invention also concerns a method of producing a cladding tube 
for nuclear fuel for a nuclear boiling water reactor. The method ac- 
cording to the invention may be carried out in the following manner. 

30 A tube is formed that comprises an outer cylindrical component 10, 
which for example may consist of Zircaloy 2, and an inner cylindri- 
cal component 20 which is metailurgically bonded to the outer com- 
ponent 10. The inner component 20 is also based on Zr and has a 
material composition such that it has a lower recrystallization tem- 

35 perature than the outer component 10. The inner component 20 
may contain for example 0.25 percentage by weight Sn, about 500 
ppm Fe, less than 600 ppm O and the rest Zr except for impurities 



. •'-5 ^ ' 



WO 03/104510 PCT/SE03/00920 

11 



Of a content that does not exceed that which is normally accepted in 
2r or Zr-alloys for applications in nuclear reactors. This tube may be 
formed in different manners, for example such as have been de- 
scribed in EP 0 674 800 B1. When the two components 10. 20 have 
5 been joined together, suitably a number of rolling steps with inter- 
mediate heat treatments are carried out. 

After that the cladding tube has been formed according to the 
above and after possible rolling steps with there between occurring 

10 heat treatments, the cladding tube is final annealed at a tempera- 
ture and during a time such that inner component 20 substantially 
completely recrystallizes in such that the outer component 10 partly 
recrystallizes but to a lower extent than the inner component 20. 
The final anneal Is suitably carried out such that the degree of re- 

15 crystallization in the outer component 10 is higher than 50% but 
less than 96 % . A suitable time and temperature for the final anneal 
depend on the composition of the alloys. The temperature and time 
should therefore be selected such that the desired degrees of re- 
crystallization are achieved in the components. 

20 

In for example Zircaloy 2, the Sn-content may vary between 1.2 and 
1.7 percentage by weight. If the outer component for example eon- 
tains 1.3 percentage by weight Sn, then a final anneal at a tem- 
perature of between 485°C and 515°C during 3h has been shown to 
25 lead to a good result. If the Sn content in the outer component is 
1.5 percentage by weight, the final anneal is suitably carried out at 
between 505°C and 520°C during 3h. 

The inner component 20 may for example have a thickness such 
30 that it constitutes about 10% of the total thickness of the cladding 
tube. 

A cladding tube produced according to the method may suitably be 
used in a fuel assembly in a nuclear BWR. 

35 

The above described cladding tube and method only give examples 
of suitable materials. As has been pointed out above, other materl- 
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als may be considered, for example a Zr-Nb alloy for the outer 
component and possibly pure Zr for the inner component. 

The Invention is not limited to the above described examples but 
may be varied within the scope of the following claims. 



